The installation of small and medium-size wind turbines on the rooftops of high buildings has been often suggested by architects and project developers as a potential solution for achieving sustainable energy in building design. In such locations, however, because of the presence of buildings and other adjacent obstructions, wind is normally turbulent, unstable and weak, in terms of direction and speed. The use of wind turbines in the built environment poses challenges to overcome, including energy yield reduction due to lower mean wind speeds in urban areas, and environmental impacts because of their close vicinity to people and property.
Introduction
A growing public awareness of the rising level of greenhouse gas emissions, the need to tackle fuel security and achieve reductions in emissions, has resulted in significant efforts to adopt renewable energy technologies in suburban environments [1e3] . These efforts aim to reduce the energetic demand of urban centres, and smallsize renewable energy systems represent an interesting solution for sustainable (and reduced) energy in new building design [4] . The integration of wind turbines into the built environment poses challenges due to the low energy yield resulting from low mean wind speeds in urban areas as well as environmental impacts [5] . There have been some very public failures of small wind turbines in the built environment, notably in situations where the turbines have been mounted on top of the buildings [6e8] . Despite these problems, local governments and businesses continue to install SWTs on their rooftops as a dynamic, visible sign of support for renewable energy. It is thus vital to make the installations safe and to optimise performance to avoid them becoming bad advertisements for wind energy and renewable energy in general. To accomplish this, it is important to know the inflow wind conditions for SWTs in urban areas.
Due to the existence of obstacles with different shapes, high roughness lengths of the terrain and obstacles' interference to wind flow, wind conditions in urban locations are very complex and the adaptability of wind turbines to this environment is not yet tested both in terms of real power production and of structural compatibility with the buildings. As a result, the wind profile in urban locations is quite different from the classical log-law based profile used in open terrain [9] . At the open terrain sites of large wind turbines, performing comprehensive wind resource assessments yields knowledge about the characteristics of the lower part of the atmosphere as well as parameters like annual and seasonal average wind speed and turbulence characteristics. Turbulence is an important parameter to factor into wind turbine design as it causes cyclic loading on the blades and can lead to blade fatigue. In comparison, small-scale wind turbines are often located in more complex environments where the turbulence levels are higher and wind speeds are lower [10] . In understanding the inflow to a small wind turbine in the built-environment a resource assessment of the potential wind site can be used to determine the wind characteristics, including turbulence levels that the small wind turbine will have to experience. Recent research by the International Energy Agency (IEA) Wind RD&D Task 27, a vehicle for SWT research, has indicated that the turbulence design thresholds in the current international standard for SWTs, IEC61400-2 (ed. 3) are too low for SWTs in urban wind sites, and a better characterisation of turbulence is required for these kind of highly turbulent sites [11] .
Wind resource assessments for utility-scale wind projects typically involve lengthy and costly measurement campaigns. For small wind turbines application particularly rooftop applications, conventional site assessment methods are not always useful due to the small-scale of the projects. Firstly, compared to utility-scale or community-scale wind projects, small-scale urban rooftop projects do not typically have access to large amounts of fiscal resources for the resource assessment phase of a project and thus investment in measurement equipment usually is limited. In addition, for urban environments, the traditional methods for wind energy site assessment are technically limited; the complex geometry can result to the situation where the resource varies substantially within a small area, thus a meteorological mast installed at a single location may not be a sufficiently good indicator of the overall resource within a complex environment. Further, remote sensing technologies such as LiDAR are typically designed to work at 40 m or above and many small-scale urban rooftop projects are designed for deployment at lower heights. Computational Fluid Dynamics (CFD) techniques can be a reliable alternative for less expensive and faster resource assessments of rooftop small wind turbine applications, and additionally provide physical insight to the governing flow mechanisms. Already, for modelling wind flows over complex rural terrains, modern CFD tools have proved essential [12] .
Ledo et al. present a numerical study of wind flow above the roof in three suburban landscapes specified by houses with three different roof shapes; pitched, pyramidal and flat. They used a CFD technique to simulate the wind flow in such environments and to find the optimum turbine mounting locations. Their results show that the wind flow characteristics are strongly dependent on the shape of the roofs, with turbines mounted on flat roofs likely to generate higher and more reliable power for the same turbine hub elevation than the other roof profiles [2] . Heath, Walshe and Watson used CFD to model the flow characteristics within an urban area over an array of pitched-roof houses. They studied mean wind speeds at potential turbine mounting points and identified optimum mounting points for different prevailing wind directions. In addition they proposed a methodology for estimating the energy yield of a building-mounted turbine from simple information such as wind atlas wind speed data and building density. The results of the research show that the energy yield is very low when the turbine is installed below rooftop height [13] . Kalmikov and his team at Massachusetts Institute of Technology (MIT) used CFD simulations to assess the wind energy potential on the MIT campus in Cambridge, MA. They incorporated wind measurements and observations from some local reference sites into the CFD model in order to estimate the local long-term climatology. Comparisons of measurements and simulated results provided validation of the modelling for mean wind speed, wind power density and wind variability, parameterised by a Weibull distribution. Their work resulted in a better understanding of the micro-climate of the wind resource on the MIT campus and addressed the optimal siting of a small turbine on campus [12] . Finally, it must be noted that CFD has been used by several researchers to evaluate the performance of HDarrieus small wind turbines on rooftops [9, 14, 15] .
The ANSYS CFX 14 CFD software package [16] is used in this research to model wind flows over a building and is validated using secondary data from the CEDVAL wind tunnel datasets from Hamburg University. The CFD model of Bunning Group Ltd's warehouse at Port Kennedy in Western Australia was developed using the wind atlas software WAsP [17] to predict the wind velocities at the domain inlet. The research is novel as the CFD simulations are carried out on a building (the Bunnings warehouse) where there is an existing measurement system in place, allowing direct comparison between measurements and the model output. The research is also timely as it forms part of the current IEA Task 27 program of work that is developing a Recommended Practice for micro-siting SWTs in the built environment [18] . The long-term research plan is to use this Recommended Practice in order to update the design classifications in the current IEC61400-2 standard to include a class for SWTs intended for use in highly turbulent sites such as in the built environment.
Aim and objectives
The aim of this study is to gain an insight into the wind conditions for a SWT in the highly turbulent setting of the rooftop of a large building in order to provide guidance in micro-siting wind turbines. The specific objectives to achieve this aim are:
(1) Assess the combination of the CFD package CFX with the wind atlas software WAsP as a wind energy resource assessment tool for the application of small rooftop wind turbines in built environment. (2) To use the combination of CFX and WAsP to investigate the effects of complex urban topography on the local micrometeorological features of the wind flow via identification of zones of wind acceleration, recirculation and blockage. An understanding of the location and extent of these zones on the rooftop is important in the installation of a small wind turbine to maximise energy production and protect the machine from excessive loading due to gusts
In terms of scope, this paper does not cover the investigation of available wind power or turbulence kinetic energy of the wind flows on the rooftop.
Methodology
To assess the combination of a CFD package with wind atlas software as a wind energy resource assessment tool for the built environment, a CFD model of Bunnings warehouse was created by means of the ANSYS CFX 14 software, and buildings around the warehouse, up to 200 m radius, were added to the model domain. The built-up area surrounding the warehouse is shown in Fig. 1 . To predict the wind velocity at the inlet of the CFD domain, the wind atlas software WAsP was used; raw data from the Kwinana Industries Council (KIC) meteorological station located on Alcoa RDA Lake A, recorded between 12/08/2011 and 24/01/2012 were used as wind observations in WAsP. Fig. 2 shows the location of the meteorological station compared to the location of the Bunnings warehouse. WAsP was used to generate a regional wind atlas for eight wind direction sectors N, NE, E, SE, S, SW and W at 200 m above the ground. At 200 m above the ground the wind characteristic for each sector is not affected by surface structures, and was used to predict the site-independent vertical wind profile for the region. This profile was then used as the inlet velocity profile at the outer boundary of the CFD model domain and the model was run for each sector to find the mean wind velocities on the roof of the warehouse. To allow for comparison the CFD results were extracted for the same period as the KIC measurements and ultrasonic measurements of wind flow on the roof of the Bunnings warehouse (12/08/2011 to 24/01/ 2012). ANSYS CFX assumes neutral atmospheric stability and thus the CFD results have been compared with neutrally stable measured wind data as well as with the whole set of measured data for the period to check the accuracy of using the combination of CFD and wind atlas software for rooftop wind resource assessment. To isolate the neutrally stable data, the wind measurements above the Bunnings rooftop were filtered by application of Golder's curve of the Pasquill stability classes as functions of MonineObukhov length, and roughness length [19] . The European Wind Atlas was consulted and the aerodynamic roughness of area around the Bunnings warehouse was estimated to be 50 cm [20] .
Site and measurement campaign
The warehouse is a rectangular building, with its long-axis oriented NNE-SSW, a façade wall around the edge of the roof with a top that is 8.4 m a.g.l, and a very low pitched roof (almost flat). The building is approximately 5 km from the coast (Indian Ocean) with the prevailing winds from the south-west. The warehouse is situated in a commercial estate but has no larger buildings or trees in the vicinity. Within a 1 km radius of the site there are mainly residential buildings to the north, commercial and industrial buildings to the east and a few buildings, low shrubs and low sand dunes to the south and west. The south-west front and the north-west side are comparatively open, though street furniture 1 and a car park exist on these sides [21] . A wind monitoring system was installed in September 2009 as part of a wind resource assessment for the installation of five small wind turbines that were later installed in March 2010. The Gill WindMaster Pro 3D ultrasonic anemometer was installed on a boom on a 5.3 m tall mast attached to the front-façade of the warehouse. The boom had a sliding collar in order to position the ultrasonic anemometer at different heights above the roof. The mast could be tilted down in order to make adjustments or to replace sensors. The data consists of 10 Hz data over a six-month period (between 12/08/2011 and 24/01/2012). Fig. 3 indicates the position of the ultrasonic anemometer on the roof.
Computational fluid dynamic model
3.2.1. NaviereStokes equations and turbulence models ANSYS CFX 14 developed by ANSYS, Inc., USA was used to perform the CFD simulations. Different methods such as Direct Numerical Simulation (DNS) [22] , Large Eddy Simulation (LES) [23, 24] , or the Reynolds-averaged NaviereStokes (RANS) approach with various turbulence models [25, 26] have been applied in CFD simulations. The required flow detail and the available computing resources are two critical criteria for choosing the best method. Usually, it suffices to use the well-established RANS equations when only quasi-steady data is of interest, and that approach has been taken in the present study [2] .
For modelling wind flow over complex terrain, the Reynoldsaveraged NaviereStokes approach (RANS) combined with a kepsilon k À ε scheme as turbulence model, is the most common approach in wind engineering. The method provides a fair compromise between computational costs and accuracy. Reynolds decomposition is employed to the variables of the governing equations, whereby each variable is divided into a time-averaged part and a fluctuating part, u ¼ u þ u, resulting in the two following equations:
The terms u i u j as the Reynolds stresses and physically represent the additional stresses due to the fluctuating components of the flow. These Reynolds stresses have been modelled according to a 'Boussinesq' approximation, shown in Eq. (3), an analogy of Newton's friction law:
where m t is the turbulent viscosity and k ¼ 1=2 u i u j is the turbulent kinetic energy (TKE). The 'standard' kÀepsilon ðk À εÞ model, based on a two-equation turbulent energy scheme provides reasonable results in approximately neutral atmospheric conditions, and provides an acceptable estimate of the turbulence intensity through the turbulent kinetic energy term [27] .In this study, there was improved convergence of the CFX results using the Shear Stress Transport (SST) scheme. The SST scheme is a hybrid of twoequation models that combines the advantages of both kÀepsilon ðk À εÞ and k-omega ðk À uÞ models. The SST k À u equations are: Fig. 3 . Position of the ultrasonic anemometer on the roof of the Bunnings warehouse in Port-Kennedy, Western Australia. 1 Objects and pieces of equipment installed on streets and roads for various purposes.
where F 1 is a blending function, P k is turbulence production due to viscous forces [kg/ms 3 ], P kb and P wb are buoyancy production terms [1/s] . The SST kÀu model incorporates transport effects in the formulation of the eddyviscosity terms and thus pays more attention to the transport of turbulence kinetic energy, and predicts the starting and the size of the separation of flow under adverse pressure gradients more accurately than the standard ðk À εÞ model. This leads to improvement of prediction of the flow separation, which is important in the present study [2] .
Inlet wind profile
The velocity profile at the inlet boundary of the simulation domain must be accurately modelled to provide valid results of wind simulation in the built environment. The roughness of the ground affects the profile of wind velocity, u, and therefore is necessary to be part of velocity profile simulation. The following equation is used to model the wind profile at the inlet of CFD domain:
where z 0 is the ground roughness of the area, u * is the friction velocity, and k is von Karman's constant and is equal to 0.4. Since all the buildings within a radius of 200 m around the target building have already been simulated in the CFD model, the ground roughness is set to 2 cm for all wind sector simulations. For each simulated sector, the mean wind speed at 200 m above the ground (the output of the WAsP simulations) was used to find the friction velocity for the CFD simulation. Table 1 shows the results of the WAsP simulations in terms of mean wind speed for each sector.
Computational mesh
An unstructured tetrahedral mesh was used with five inflation layers of 25 mm total thickness on the ground, roofs and walls of all buildings. A cross-section of the mesh for the North wind sector is shown in Fig. 4 . The final mesh statistics in the modelling of wind flow from eight wind sectors are shown in Table 2 . The domain of the CFX models for all simulated wind sectors was set up as a rectangular domain surrounding the urban grid.
Boundary domain and boundary conditions
For all wind sectors, the simulated buildings were placed in a rectangular domain of height equal to 200 m and the lateral boundaries of the computational domain were placed at a distance of 5H max away from the closest part of the built area at each side, where H max is the height of the highest simulated building in the region of interest. A distance of 8H max between the inflow boundary and the built area was applied as the longitudinal extension of the domain in front of the simulated region, and 15H max behind the built area was employed to allow for flow re-development.
The turbulence level at the inlet boundary was adjusted to 5% as suggested by CFX guidelines [16] . The downstream boundary was specified as an outlet with zero relative pressure and zero turbulence intensity gradients. Symmetric boundary conditions were employed for the side faces and top of the domain in all wind sectors. Solid boundaries including the ground of the domain and roofs and walls of the buildings have been set as no-slip walls with the CFX wall-function approach used to model flow near these surfaces [28] . An automatic near-wall treatment method was deployed by CFX to treat the wall effects. The near-wall treatment method accounts for the rapid variation of flow variables that occur within the boundary layer region as well as viscous effects at the wall. This treatment provided a smooth shift from low-Reynolds number formulation to wall function formulation.
Test case: flow around a rectangular obstacle
A test case was performed to model the flow around a rectangular structure to assess the accuracy of CFX in simulating flow around obstacles. The simulation results were then compared with the well-known CEDVAL wind tunnel datasets from Hamburg University [29] . All data sets within the CEDVAL database have high quality and complete documentation of boundary conditions and application of quality assurance checks during measurements The rectangular structure from the CEDVAL wind tunnel tests has dimensions of 125 mm height, 100 mm width and 150 mm length. The Reynolds number of the model test is 37,250 and the roughness length of the model is 0.007 m. The friction velocity and the offset height of model boundary layer is 0.377 m/s and 0 m respectively. The values of longitudinal and vertical wind components for 603 points in the vertical plane and the values of longitudinal and lateral wind components for 660 points in the horizontal plane have been provided in the data set. The data set also includes a visualisation of flow around the structure in both horizontal and vertical planes. The CFX simulation domain and obstacle was set up in a similar way to the configuration used in the CEDVAL data set and the rectangular obstacle was meshed using a 125 mm cell edge length with two inflation layers of 10 mm thickness near the walls. The wind flow in the CFX model was set to give a Reynolds number of 37,250 as reported in the CEDVAL data set and equation (6) was used to simulate the inlet velocity profile, setting z 0 equal to 0.007 m as the ground roughness of the model.
Test case validation
The comparison of numerical simulation results and corresponding experimental data with the aid of a metric is the core of CFX code validation. A validation metric is a mathematical operator that specifies the accuracy of the results from numerical simulation by comparing them with results from experimental test [30] . The metric should supply information on the agreement, or disagreement, between the results of numerical simulation and experimental results. General and desirable features of metrics have been formulated by Oberkampf and Barone [31] .
The 'hit rate' metric is used as a metric in the present work to test the CFX accuracy in simulating flow around obstacles. This metric has been suggested in guidelines by the Association of German Engineers (VDI) [32] and has been used in many previous investigations [33e35] for validating numerical simulations. Experimental and simulation results should be available at the same positions to compute any metric, therefore the same points in the same plane as the CEDVAL data set have been generated in the simulation. Since the experimental measurement points don't typically coincide with the computational grid cell centres, interpolation of the numerical simulation results is essential. The validation metric hit rate, q, is calculated, after achieving the numerical results available at all experimental measurement positions [36, 37] . In the permissible absolute difference, the uncertainty of measurement performs acts as a threshold while the relative difference becomes meaningless for experimental data approaching zero in the denominator (especially for lateral and vertical wind components that have very low normalised value) and therefore the permissible absolute error has been used in this study to calculate metric hit rate.
According to VDI Guideline 3783 Part 9, 2005 [32] , a hit rate of q ! 0.66 for each velocity component is required to pass the validation test. This criterion was used for the hit rates based on all valid measurement positions in the CEDVAL data set. Table 3 shows the hit rate values for longitudinal, lateral and vertical components of wind speed for simulated flow around the rectangular obstacle for the purposes of testing CFX accuracy.
As Table 3 presents, the resulted hit rate value met the criteria for all three wind components and therefore the CFX modelling of flow around a rectangular obstacle appears valid. This test case study shows that the CFX provides enough accuracy to simulate the flow around the obstacle and potentially a good tool for simulating the flow in the built environment. Table 4 shows the CFD simulated and measured results for the magnitude of the 10-minute averaged 3D velocity vectors on the rooftop of the Bunnings warehouse over the period 12/08/2011 to 24/01/2012, for purely neutral and for varying atmospheric conditions. The percentage of error between numerical results and measured results has been presented in the table for all wind sectors.
Results and discussion
In terms of neutrally stable atmospheric conditions, the closest agreement between simulation and measurement (2.6%) is obtained for prevailing winds from the south-west sector. There is also reasonable agreement for north, south-east and west sectors, as the error between simulation and measurement is less than 10%. The poorest agreement comes from the south, north-east and north-west sectors where errors are more than 25%. The average error between simulation and measurement for all eight wind sectors is 16.1 percent. Table 4 shows a general trend across wind sectors of increasing error between simulated results and measured data as the number of measured data points in a wind sector reduces to e.g. less than 1000. The large error in the north-east sector, despite the relatively high number of measured data in this sector, may be due to the fact that the five small wind turbines installed on the edge of the Bunnings warehouse roof were simulated as simply five masts in CFX, and in reality have more effect on the wind in north-east sector. The discrepancy in results for north-west sector is likely to be due to a combination of lack of measured data from that sector together with the effect of some high light towers around the building that clearly cause some disturbance in the north-west sector not catered for in the CFD model. Finally, the small distance between the façade and the measurement mast for cases when the wind comes from the south may be the cause of the poor agreement for the south sector simulation as there is not enough distance between the façade and the mast in the CFD model to simulate flow re-development after the wind flow passes the façade before encountering the measurement mast.
In terms of comparison of the simulations with the whole set of measured data (across all atmospheric stability classes) the minimum error is 1.0 percent for the west wind sector and the numerical results for the north-east, south-west and east sectors are reasonable with errors less than approximately 15%. For the north, south, north-west and south-east sectors, however, the simulation results are poor with errors around 21% or greater. The average error for all wind sectors is 19.1 percent. As the values in Table 4 show, the combination of WAsP and CFX predicts neutrally stable flows over the building reasonably well, however the results are not good enough to predict the flow across the whole range of atmospheric conditions; Table 5 provides meteorological conditions defining Pasquill turbulence types [38] . Table 5 clearly shows that for most cases at wind speeds greater than 4 m/s the atmospheric condition is neutral. Since the wind speeds in the operating range of many small wind turbines would be above 4 m/s and thus dominated by neutrally stable atmospheric conditions, the findings of this paper suggest that the assumption of neutral stability in the CFX software does not place a significant limitation in the application of the software, and the CFX/WAsP approach is a promising tool to predict wind speeds above the rooftops of buildings in the built environment. Some caution, however, needs to be used especially in the case of wind turbines with cut-in wind speeds below 4 m/s and in the case of strong-moderate daytime insolation levels.
Figs. 5e7 show some examples of output from CFX for the case of winds from the south-west sector, which is the prevailing wind direction at the site of the Bunnings warehouse. Fig. 5a and b show contour plots of the magnitude of wind velocity on the long westfacing roof edge, where the turbines and ultrasonic anemometer are installed, and on the middle of the roof in the longitudinal sense of the Bunnings warehouse building, respectively. Contour plots of the wind velocity vertical component for the long west-facing roof edge and on the middle of the roof in the longitudinal sense of the building have been presented in Fig. 6a and b, respectively, and Fig. 7a and b show vector plots of wind velocity on the long westfacing edge and on the middle of the roof in the longitudinal sense of the building. Comparison of Fig. 5a and b show that the magnitude of the wind velocity is slightly greater on the edge than in the middle of the roof. More marked is the difference in vertical wind components at the edge of the building and the middle; the vertical components are much greater on the edge of the roof (Figs. 6a and 7a ) and this is clearly visible in the contour plots of vertical wind components ( Fig. 6a and b) as well as the vector plots of wind velocity ( Fig. 7a and b) . These figures have an important consequence for small horizontal-axis wind turbines (HAWTs) in terms of efficiency since they are not designed to harness the vertical component of flow. Further, the vertical component of the wind velocity can have a significant effect on a HAWT in terms of fatigue loads. Therefore, the ideal location for installation of a small wind turbine, particularly a HAWT, should be in the middle of the roof of the Bunnings warehouse where the machine is likely to experience lower fatigue loads due to vertical flow and will thus have a greater life time. Balduzzi et al. found that roofs with an inclination angle of 8 were optimal in inducing a speed-up of flow 
Notes: A, extremely unstable; B, moderately unstable; C, slightly unstable; D, neutral (applicable to heavy overcast day or night); E, slightly stable; F, moderately stable; (for AeB take average of values for A and B, etc.). over the building [9] . The sloping angle on the roof of the Bunnings warehouse is less than 8 but, as Fig. 8 suggests, the small inclination angle of the roof is effective in speeding-up the flow over the building and this is another reason for installation of small wind turbines in the middle of the roof for Bunnings warehouse building, where, if placed on a suitably tall mast, the turbines can avoid the turbulence close to the edge of the roof, and capture the increased wind speeds in the skewed flow over the building.
Figs. 5b and 7b show that on the middle of the roof, the wind is slightly channelled after passing the short south-facing edge of the building and there is a zone of wind acceleration on top of the façade at this edge as well as a blockage zone behind the façade on the south-facing edge. There is a large recirculation zone behind the short north-facing edge of the building (Fig. 7b) and this roof edge would be the worst place to install a wind turbine.
Before drawing conclusions from this research, the limitations of the study must be noted. Firstly, only a few months of measured data have been taken (August to January) covering only the spring and summer seasons in the southern hemisphere and a year long period of measured data on the rooftop would be preferable in order to consider seasonal effects. In addition, for the WAsP simulation reference data have been taken from a meteorological station 18 km away from the target building. This could be a source of error if the reference and target site do not have the same underlying regional wind climate; an assumption that has been made in using the WAsP software.
Conclusion
In this study, the combination of CFD package and wind atlas software was assessed as a wind resource assessment tool for a small wind turbine installation on a rooftop in the built environment. The tool was used to investigate wind speed and direction on the rooftop of a building and identify the optimal location for installing the turbine taking into account zones of wind acceleration, recirculation and blockage. A CFD model of the Bunnings warehouse at Port Kennedy in Western Australia was created by means of the ANSYS CFX 14 package and the buildings around the warehouse up to a radius of 200 m were incorporated in the model geometry. The wind atlas software, WAsP, was used to predict the wind velocity at the inlet of CFD domain. Observations for WAsP were taken from a meteorological mast located 18 km from the Bunnings warehouse. The wind atlas resulting from the WAsP simulation was analysed to find the mean wind speed at each of eight wind direction sectors at 200 m a.g.l. and the mean wind speed for each sector was used to create a wind speed profile that was used as inlet flow to the CFD model. A wind monitoring system installed on the roof of the Bunnings warehouse at Port Kennedy was used to collect data for the CFD model validation. For model validation, the wind measurements above the Bunnings rooftop were filtered to select only neutrally stable wind data. To check the accuracy of the combination of CFD and wind atlas software for rooftop wind resource assessment, the 10-minute averaged mean velocity vectors from the simulations were compared with measured data.
The results of the study shows CFX provides reasonable accuracy for simulating flow around a rectangular obstacle and the combination of a CFD package with a wind atlas software such as WAsP provides a promising tool for wind resource assessments for small wind turbines on the roof of buildings. CFX predicts neutrally stable flows over the building well but further research is needed to understand how CFX results can be adjusted to predict flows across the whole range of atmospheric conditions. Having said that, it is likely that there are neutral atmospheric conditions for most of the time when power is being generated by the turbine on the roof, and so the combination of CFX with WAsP provides an applicable tool for wind resource assessment in terms of small wind turbines on rooftops.
